In this paper, 156 mm × 156 mm boron-doped Czochralski silicon (Cz-Si) wafers were fabricated into PERC solar cells by using the industrial standard process; then, the as-prepared PERC solar cells were treated by the regeneration process using electrical injection and heating and the effects of different regeneration processes (temperature, time, and injection current) on the antilight-induced degradation (anti-LID) performance of the PERC solar cells were investigated. The results show that under the condition of 10 A injection current and 30 min processing time, the optimal processing temperature is about 180°C for PERC solar cells to obtain the best anti-LID performance. Under the conditions of a temperature of 180°C, an injection current of 10 A, and a processing time of 0-30 min, the anti-LID performance of the PERC solar cells is enhanced with the increase in the processing time. When the processing time is 20 and 30 min, the efficiency, the short-circuit current, and the open-circuit voltage of the processed PERC solar cells are slightly higher than the initial values before the regeneration and remain stable in the subsequent 12-hour light degradation process at 45°C and 1-sun illumination. At a temperature of 180°C and a processing time of 30 min, the injection current of 6 A is enough to obtain a good regeneration effect, but the optimal injection current is around 10 A.
Introduction
Depending on the competitive advantages of low cost, high efficiency, long service life, mature process technology, and so on, boron-doped p-type crystalline silicon solar cells have firmly occupied the dominant position in the globe photovoltaic market all along, but there exists the problem of lightinduced degradation (LID) for such kind of solar cells and this problem has severely hindered their development for a long time. Thus, the investigation on the LID and its mitigation of boron-doped p-type crystalline silicon solar cells has been paid much attention all the time [1, 2] . In recent years, with the maturation of Al 2 O 3 back passivation and laser ablation technology, more and more photovoltaic manufacturers are gradually upgrading from producing conventional aluminum back surface field (Al-BSF) solar cells to PERC (passivated emitter and rear cell) solar cells with an efficiency of over 20% [3, 4] . As compared with Al-BSF solar cells, the LID of the PERC solar cells is much severer and faster [5] . Therefore, the research on LID and its mitigation of PERC solar cells has attracted great interest and high attention among the photovoltaic community.
It is generally thought that the LID is caused by the formation of the boron-oxygen-(B-O-) related defects with recombination activity in boron-doped p-type crystalline silicon wafers when illuminated [1] . In 2006, Herguth et al. discovered that when boron-doped Cz-Si wafers were injected with carriers (illumination or electric injection) while heated (60-200°C), B-O defects would undergo a regeneration reaction; that is to say, B-O defects would transform from the degraded state with recombination activity to the regenerated state without recombination activity, and the loss of minority carrier lifetime caused by LID could be fully recovered. More importantly, the regenerated state of the B-O defects is stable under the working conditions of solar cells [6, 7] .
It should be noted that previous researches on B-O defect-induced degradation (BO-LID) and its mitigation were almost carried out on lifetime samples (i.e., Cz-Si wafers with sawing damage being removed and the surface being passivated). However, boron-doped Cz-Si solar cells are very different from boron-doped Cz-Si lifetime samples; thus, it is necessary to directly investigate the LID and its mitigation of boron-doped Cz-Si solar cells, especially the newly emerging boron-doped Cz-Si PERC solar cells. However, there is a lack of reports on such a subject in the literature. Just as Basnyat et al. from the National Renewable Energy Laboratory (NREL) of the United States described in their paper in 2015, "Although a great deal of information is available on B-O effects in silicon, LID in solar cell has not been understood fully. LID effect on crystalline silicon solar cells is studied by a small number of research groups, using comparatively small sets of samples. Even the results reported in literature show large diversity" [8] . Although Herguth's team at the University of Konstanz and Rein's team at the Fraunhofer Institute for Solar Energy Systems (ISES) first reported their research results on the LID and regeneration of PERC solar cells in 2015 [9] [10] [11] [12] , their studies were based on the PERC solar cells prepared in laboratory; thus, their research results cannot represent those of industrialized PERC solar cells. Specifically speaking, Herguth's team studied the PERC solar cells with the back surface being passivated by SiO x /-SiN x :H, resulting in the open-circuit voltage (V oc ) of the PERC solar cells even slightly lower than that of the Al-BSF solar cells [9, 10] . Rein's team studied the PERC solar cells using LFC (laser-fired contact) technology to form local electrical contact with the wafer on the rear side [11, 12] . In fact, the industrialized PERC solar cells all use an Al 2 O 3 layer or a thin AlO x /thick SiN x :H cap layer to passivate the back surface and use laser ablation technology to open electrical contact windows on the back passivation layer. Finally, local back contact is formed on the rear side by screen printing the Al paste and sintering.
In view of the lack of research on the LID and regeneration of the industrialized boron-doped Cz-Si PERC solar cells, this paper is aimed at addressing this inadequacy. For regeneration treatment, there are two ways to inject carriers into a solar cell, i.e., light injection and electrical injection. Since electrical injection has some unique advantages over light injection, such as low equipment cost, energy saving, high injection level, and no light damage, electrical injection and heating were used in this paper to regenerate the industrialized boron-doped Cz-Si PERC solar cells, and the effects of different regeneration process conditions (temperature, time, and injection current) on the antilight-induced degradation (anti-LID) performance of the PERC solar cells were systematically investigated for the first time and the experimental results were reasonably explained by using the new three-state model proposed by Hallam et al. in 2016 [13] . The research results can be used as an important reference or even directly applied by the industry to further decrease or even completely remove the LID effect of the industrialized PERC solar cells, which is very important considering that the whole photovoltaic industry is transforming from producing conventional Al-BSF solar cells to higher-efficiency PERC solar cells, and the PERC solar cells are gradually becoming the mainstream products of the photovoltaic market.
Experiment
2.1. Sample Preparation. 156 mm × 156 mm boron-doped Cz-Si wafers with a round angle and a resistivity of about 1 Ω·cm were fabricated into PERC solar cells by using the industrial standard process. The specific process includes the following: removing the saw damage layer and texturing using KOH solution, POCl 3 diffusion at 850°C to form an emitter at about 85 Ω/□, removing back PN junction using HF/HNO 3 solution, thermal oxidation at 750°C to form a 5 nm oxide layer, depositing a 20 nm AlO x /140 nm SiN x passivation layer on the back side of the silicon wafers by PECVD at 400°C, depositing about a 80 nm SiN x antireflection film on the front surface of the silicon wafers by PECVD at 450°C, laser grooving on the back passivation layer to form electrical contact windows, screen printing the front and back electrodes, and sintering with temperature up to 800°C. The initial efficiencies of the as-prepared PERC solar cells were in the range of 20.5% to 20.9%.
Experimental Methods.
First, the I-V characteristics of as-prepared PERC solar cells were measured. Subsequently, the PERC solar cells were regenerated using different electrical injection and heating conditions on self-developed equipment, which consists of a WXD-2620 heating stage whose temperature can be regulated from room temperature to 400°C, a JP8020D constant-current source with an output current range of 0-20 A, and a self-assembled probe holder for contacting the front electrode of a solar cell and a copper plate for contacting the back electrode of the solar cell. As the temperature displayed on the heating stage controller cannot accurately reflect the real temperature of a solar cell, it was determined by both a contact platinum RTD (resistance temperature detector) and a noncontact infrared thermometer. Then, the I-V characteristics were measured again. After that, the regenerated solar cells were degraded by light soaking for 12 h with a light intensity of 1000 W/m 2 at 45°C in a YQ-GF-SC4 solar cell LID box. During the 12 h LID process, the PERC solar cells were taken out for I-V measurement every 10 min in the first hour and every 1 hour thereafter. Figure 1 shows the time dependence of the efficiency η versus initial efficiency of the PERC solar cells before and after regeneration and during the subsequent 12 h LID process, which were regenerated by using 10 A injection current at different temperatures (160, 180, 200, 220, 240, and 260°C) for 30 min. As shown in Figure 1 , when the processing temperature is 260°C, the η of the PERC solar cell decreases slightly after the regeneration. In contrast, the η of the PERC solar cell increases markedly after the regeneration at other processing temperatures. After the 12 h LID, the efficiencies of the PERC solar cells regenerated at lower temperatures (160 and 180°C) are higher than the initial values before regeneration, whereas the efficiencies of the PERC solar cells regenerated at higher temperatures (200, 220, 240, and 260°C) are lower than the initial values. Moreover, the decay rate of η increases with increasing processing temperature, but the efficiencies of the regenerated PERC solar cells are all higher than that of the reference (untreated) sample. Figure 2 shows a histogram describing the relative variation of η of the PERC solar cells with processing temperature before and after regeneration with 10 A injection current for 30 min, as well as before and after the subsequent 12 h LID. As shown in Figure 2 , when the processing temperature is between 160 and 240°C, the efficiencies of the regenerated PERC solar cells are all higher than the initial values and the increment of η decreases with increasing temperature. When the temperature increases to 260°C, the increment of η becomes negative. After the 12 h LID, the decay rate of η of the PERC solar cell regenerated at 180°C relative to the value before LID is lowest, which in fact corresponds to an increment rate of 0.15%. Furthermore, the decay rate increases with increasing processing temperature. Thus, the best anti-LID performance cannot be achieved by using too high or too low processing temperature. According to our experimental results, the optimal processing temperature is around 180°C for obtaining the best anti-LID performance.
The above results can be explained by the new three-state model of the B-O defects proposed by Hallam et al. in 2016 [13] . According to the new three-state model [13] , there are three configurations of B-O defects in boron-doped Cz-Si wafers which are the annealed state (A) without recombination activity, degraded state (B) with recombination activity, and passivated state (C) without recombination activity. They can transform into each other by the following reaction formula:
It can be seen that there exist four kinds of reactions between the three configurations; they are the degradation reaction from the annealed state (A) to the degraded state (B) (the reaction rate is expressed as K AB ), the annealing reaction from the degraded state (B) to the annealed state (A) (the reaction rate is expressed as K BA ), the passivation reaction from the degraded state (B) to the passivated state (C) (the reaction rate is expressed as K BC ), and the destabilization reaction from the passivated state (C) to the degraded state (B) (the reaction rate is expressed as K CB ). All the four reaction rates increase with increasing temperature, in which K AB has a minimum increase rate and K BA has a maximum increase rate, whereas both K BC and K CB have a moderate increase rate but K BC is several orders of magnitude larger than K CB . The temperature-dependent curves of K AB and K BA intersect at about 180°C, whereas International Journal of Photoenergy the temperature-dependent curves of K BC and K BA intersect at around 320°C. In the temperature range of 120-320°C, the regeneration reaction rate K BC is the largest among the four reaction rates (see reference [13] for details).
In the temperature range of 180-320°C, K BC > K BA > K AB and the difference between K BC and K BA decreases with the increase in temperature; therefore, when regenerated at this temperature range, a large part of the degraded states with recombination activity would transform into passivated states; meanwhile, a small part of the degraded states would transform into annealed states and a proportion of the annealed states to the passivated states would increase with rising temperature. Because the passivated states can only be transformed from the degraded states rather than from the annealing states, once annealing states are formed during the regeneration process, these annealing states would transform into the degraded states under the solar cell working conditions, resulting in the LID of the solar cells. Our evaluation criterion on the regeneration effect is that the ratio of the stable efficiency after 12 h LID to the initial efficiency of the PERC solar cell before regeneration should be maximized. That is to say, only the regeneration condition under which the highest content of the passivated states is obtained can be regarded as the best. Therefore, in order to make as much B-O defects as possible transform into the passivated states, the temperature interval of 120-180°C which corresponds to the condition of K BC > K AB > K BA should be chosen in performing regeneration treatment. In the temperature range of 120-180°C, the difference between K BC and K AB increases with increasing temperature, which means that higher temperatures can accelerate the passivation reaction. Therefore, under the condition of limited regeneration time, the regeneration at about 180°C can achieve the best regeneration effect. Except for 260°C, the I sc and V oc of the PERC solar cells regenerated at other temperatures are all higher than the initial values. After 12 h LID, the processing temperatures corresponding to the I sc value higher than the initial value are 160°C and 180°C, whereas the processing temperatures corresponding to the V oc value higher than the initial value are 160, 180, and 200°C. This result suggests that the larger decay of I sc results in η of the PERC solar cell regenerated at 200°C being lower than its initial value. In addition, when the processing temperature is higher than 180°C, the decay rates of I sc and V oc relative to the initial values increase with the increasing temperature. It can be seen from Figure 3 (c) that, after 12 h LID, the decay rates of FF of the regenerated PERC solar cells show an increasing tendency with the increase in the processing temperature. Specifically speaking, the decay rates of FF of the PERC solar cells regenerated at lower temperatures (160°C, 180°C, and 200°C) are lower than those of the reference sample, whereas the decay rates of FF of the PERC solar cells regenerated at higher temperatures (220°C, 240°C, and 260°C) are higher than those of the reference sample. This result shows that too high temperature cannot improve the regeneration effect of the PERC solar cells but degrade their anti-LID performance. Figure 4 shows the time dependence of efficiency η versus the initial value of the PERC solar cells before and after regeneration and during the subsequent 12 h LID, which were regenerated by using 10 A injection current at 180°C for different times (0, 2, 5, 10, 20, and 30 min). As shown in Figure 4 , when the regeneration time is less than or equal to 10 min, the η of the regenerated PERC solar cells decreases markedly and the decay rates of the η decrease with increasing processing time. Specifically speaking, the decay rates of η corresponding to the processing times of 2, 5, and 10 min are After 12 h LID, the reference sample shows significant degradation, with the decay rate of η relative to the value before the LID up to 7.54%. However, the decay rates of η of the regenerated PERC solar cells decrease remarkably with increasing processing time; specifically speaking, the decay rates of η corresponding to processing times of 2, 5, 10, 20, and 30 min are 1.27%, 0.84%, -0.05%, -0.08%, and -0.15%, respectively. In particular, the PERC solar cells regenerated for 20 and 30 min even have a slight increase in efficiency with respect to the initial values before regeneration. Figure 5 shows a histogram describing the relative variation of η of the PERC solar cells with processing time before and after regeneration with 10 A injection current at 180°C, as well as before and after the subsequent 12 h LID. As shown in Figure 5 , the degradation of the reference sample is severer than those of regenerated PERC solar cells after 12 h LID. With the increase in regeneration time, both the decay rates 5 International Journal of Photoenergy of η after/before regeneration and those after/before 12 h LID gradually decrease and the decay rates of the latter are far below those of the former. In addition, when the regeneration time is longer than 10 min, efficiencies of the PERC solar cells after 12 h LID are higher than those before the LID process. Thus, the anti-LID performances of PERC solar cells are enhanced with the increase in processing time.
Influences of Processing Time on the Regeneration Effect.
According to the new three-state model proposed by Hallam et al. [13] , BO defects have three composition forms, i.e., the annealed state without recombination activity, the degraded state with recombination activity, and the passivated state without recombination activity. The specific LID situations of boron-doped Cz-Si PERC solar cells are determined by the concentrations of three defect states and the processing conditions. For the case given in this paper, before the regeneration, the BO defects in the as-prepared PERC solar cells mainly exist in the form of the annealed state, with a small amount of BO defects in the degraded state. Since the annealed state can only transform into the degraded state instead of the passivated state, the generation rate of the degraded state defects is much higher than that of the passivated state defects at the initial stage of the regeneration, which would result in a decrease in the bulk-carrier lifetime and efficiency of the solar cells. The amount of the degraded state defects increases with increasing processing time, so that the regeneration reaction would dominate at the middle-late stage of regeneration, and the concentration of the passivated state defects would increase with the increase in processing time. When the processing time is long enough, most of the annealed state and degraded state defects could convert into stable passivated state defects, which would lead to the recovery of the bulk-carrier lifetime and efficiency, making the regenerated PERC solar cells possess anti-LID performance. During the 12 h LID, the decay rate of FF shows a different trend from those of η, I sc , and V oc . Specifically speaking, when the regeneration time is less than or equal to 10 min, the decay rates of FF are larger than that of the reference sample, while the decay rates of FF of the PERC solar cells regenerated for 20 or 30 min are less than that of the reference sample. The above experimental results can be explained as follows: with the increase in the regeneration time, more recombination-active defects are passivated, which results in the increase in bulk-carrier lifetime and rise in η, I sc , and V oc of the PERC solar cells. Since FF is not only affected by the bulk-carrier lifetime but also affected by other factors such as series and parallel resistance, the FF would show a different change tendency from η, I sc , and V oc . Figures 7(a)-7(d) show the time dependence of η, I sc , V oc , and FF of the PERC solar cells versus the initial values regenerated by using different injection currents (6, 8, 10, 12, 14, 16 , and 18 A) at 180°C for 30 min before and after the regeneration and during the subsequent 12 h LID, respectively. As shown in Figure 7 The above results show that under the condition of 180°C and 30 min, the injection current of 6 A is big enough to obtain a good regeneration effect, and raising the injection current does not necessarily improve the regeneration effect. Given the processing temperature and time, the best regeneration effect seems to correspond to an optimum injection current. According to our experimental results, the optimal injection current corresponding to the conditions of 180°C and 30 min is around 10 A. Of course, it still needs further investigation to achieve the best regeneration effect by decreasing the processing time meanwhile increasing the injection current.
Influences of Injection Current on the Regeneration Effect.
In the studied parameter range, the optimum regeneration condition corresponds to the treatment with 10 A injection current for 30 min at 180°C. Under such an optimum regeneration condition, the ratio of the efficiency during 12 h LID to the initial efficiency reaches the maximum value of 1.019 at 6 h light soaking and a stabilized value of 1.012 at 12 h light soaking (see Figure 7(a) ). It seems that the fluctuation of efficiency with time could be attributed to the nature of reversible reaction between the three configurations of B-O defects and a mixture of three states being generally reached. The reason why the efficiencies of suitably regenerated PERC solar cells after 12 h LID exceed the initial efficiency is that we did not perform annealing treatment (200°C, 30 min) in the dark to make all the B-O defects convert into annealing states before measuring the initial efficiency. The majority of degraded state defects contained in the as-prepared PERC solar cells transform into passivated states after suitable regeneration which results in the rising of efficiency.
It was reported that "a very fast regeneration process less than 10 s at 230°C and 2.7-sun illumination can be realized." However, this conclusion was drawn from the research on the lifetime samples which were well gettering (POCl 3 gettering at 840°C), well hydrogenated (PECVD-SiN x :H on both sides), suitably fired, and completely degraded (200°C annealing for 10 min in the dark) [14, 15] . More importantly, the authors did not provide the direct proof of the stability of the optimally regenerated lifetime sample under solar cell working conditions [14, 15] . Obviously, this fast regeneration condition is not in good agreement with ours. The reason is as follows: (1) PECVD-SiN x :H and electrode firing process conditions used for fabricating PERC solar cells in the industry are optimized to maximize the efficiencies of the PERC solar cells, which are different from the optimum fabrication condition of the lifetime sample. In addition, no 200°C annealing in the dark was performed on the as-prepared PERC solar cells before regeneration. (2) The judging criteria on the optimum regeneration condition are also different. Specifically speaking, the optimum light injection regeneration condition was determined by fully recovering the lifetime of completely degraded sample under the illumination and heating condition, whereas our judging standard is to maximize the ratio of the stable efficiency of a regenerated solar cell after 12 h LID (45°C, 1-sun illumination) to the initial efficiency before regeneration, which means that only the regeneration condition under which the highest content of passivated states is obtained can be regarded as the optimum one. Moreover, the reason why the optimum regeneration can be achieved at 180°C has also been given a reasonable explanation according to the new three-state model proposed by Hallam et al. (see Section 3.1 for details). (3) Because the manufacturing process and architecture of a solar cell have complex and important influence on the regeneration and LID process, the conclusions drawn on the regeneration and LID of lifetime samples cannot be directly applied to those of the solar cells [16] and the conclusions given by this paper are only valid for the industrialized PERC solar cells.
Due to the scarcity of reports on light injection regeneration and anti-LID performance of industrial PERC solar cells, we cannot compare our research results with those by light injection regeneration. However, in our opinion, 7 International Journal of Photoenergy this work is worthy of being published for the following reasons: (1) electrical injection has some significant advantages over light injection, such as more simple equipment thus leading to lower equipment cost, higher energy utilization efficiency (without electricity-to-light and light-to-electricity conversion), and higher injection level without worry of light damage. (2) Since the electric injection regeneration apparatus can be made into a batch processing equipment [17] , there is no problem to integrate a 30 min anti-LID batch processing procedure into a solar cell manufacturing process, because the manufacturing process also uses other time-consuming batch processing procedures such as the diffusion process and PECVD-SiN x :H process. (3) From the point of view of the mechanism, whether light injection or electric injection, they are just the methods to introduce nonequilibrium minority carriers (i.e., electrons) into boron-doped Cz-Si wafers. The injected electrons can combine the nearby hydrogen ions (H + ) to form hydrogen atoms, and hydrogen atoms can diffuse more quickly when heated and thus can effectively passivate the defects with recombination activity. It is thought that moderate temperature, higher injection level, and higher hydrogen concentration can give a better regeneration effect [14, 15] . Unlike light injection, electric injection will not bring damages in a solar cell at high injection levels; thus, the electric injection should have a better regeneration effect than the light injection. (4) Different from the most of previous studies on LID and regeneration which were mainly characterized by lifetime or V oc , all the illuminated I-V characteristic 
Conclusion
The PERC solar cells were fabricated by using the industrial standard process and treated by using different regeneration (electrical injection and heating) conditions, and the effects of the regeneration conditions (temperature, time, and injection current) on the anti-LID performance of as-prepared PERC solar cells were studied. The results show that the I sc , V oc , and η of the PERC solar cell regenerated at 180°C under the condition of 10 A injection current and 30 min processing time have the lowest degradation rate relative to the values before LID, which in fact corresponds to the maximum increment. When the processing time is less or equal to 10 min under the condition of 180°C and 10 A injection current, the η, I sc , and V oc of the regenerated PERC solar cells with respect to the initial values before the regeneration decays markedly, but during the subsequent 12 h LID, their anti-LID performances are better than that of the reference 
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